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Description

BACKGROUND OF THE INVENTION

(INDUSTRIAL FIELD OF THE INVENTION)

The present invention relates to a method for in-
creasing oxygen concentration of antimony-doped
silicon single crystal to be used for a low-resistivity
substrate for preparing n/n* type silicon epitaxial wa-
fers, especially of silicon single crystal heavily doped
with antimony which has a resistivity as low as 0.1
ohm centimeter or less.

(STATEMENT OF THE RELATED ART)

In recent years, antimony-doped single-crystal
silicon substrates have been used in plenty as an n-
type substrate for epitaxial wafers which are process-
ed to semiconductor devices. But antimony-doped
silicon single crystal, especially low-resistivity silicon
single crystal doped heavily with antimony is too low
in oxygen concentration to cause an intrinsic getter-
ing effect. This has been a serious problem for the im-
provement of the performance and yield in preparing
semiconductor devices from epitaxial wafers by mak-
ing use of such a single-crystal substrate.

The reason antimony-doped silicon single crys-
tal has a lower oxygen concentration is considered to
be as follows: The reaction between a quartz crucible
and a silicon melt causes a plenty of volatile silicon
oxides (SiO,) to be produced. The silicon oxides form
a diffusion layer on the surface of the silicon melt.
The silicon oxides are dissolved into the silicon melt
in high concentration and collide with antimony
atoms and antimony oxides. The collision makes the
silicon oxides easily evaporate away through the dif-
fusion layer, when a reduced pressure is provided in
the space of the furnace. Continuation of this condi-
tion causes the oxygen concentration of the silicon
melt to be lowered, resulting in lowered oxygen con-
centration of the pulled single-crystal silicon rod.

The oxygen concentration of the antimony-dop-
ed silicon single crystal is preferably in the range of
16 to 22 ppma (parts per million atomic). It was im-
possible to obtain a silicon single crystal in this con-
centration range under conventional operating condi-
tions. The pressure within conventional furnaces was
atmost 15 millibars (1 mbar = 100 Pa). Consequently,
it was impossible to obtain antimony-doped silicon
single crystal of 16 ppma and more in oxygen concen-
tration.

In order to prevent antimony from evaporation
under reduced pressures inside the furnace, there is
a known method wherein the pressure inside the fur-
nace is maintained within the range of 40 to 100 torr,
i.e., 53 - 133 millibars (Japanese Patent Laid-Open
Publication No. 62-292691). This pressure range
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surely prevents the evaporation of antimony from the
melt. But in case silicon single crystal is pulled under
this condition, the low segregation coefficient of an-
timony makes the material in the silicon meltto be en-
ormously concentrated. The concentration of anti-
mony in the single crystal becomes disadvanta-
geously progressively higher toward the pulling direc-
tion of the rod. Further, crystal defects are prone to
be generated under this condition with the result that
crystallization cannot be successfully progressed
during the one entire pulling operation cycle.

SUMMARY OF THE INVENTION

The present invention has been made in the light
of the deficiencies of conventional technologies as
stated above.

It is the object of the present invention to provide
a method for growing antimony-doped silicon single
crystal wherein the evaporation of silicon oxides and
antimony as well as antimony oxides in an antimony-
contained silicon melt is so controlled that the anti-
mony-doped silicon single crystal has an antimony
concentration of 6 x 1018 atoms/cm? and more and the
concentration can be made axially uniform while the
silicon single crystal can be grown to have a control-
led level of oxygen concentration.

In order to realize the above object, according to
the present invention, the pressure of the atmosphe-
ric gas inside the furnace is set at the range of 10 to
50 millibars, and besides the rotation per minute of
the quartz crucible is set at a constant rate or at arate
of rotation continuously changeable with passage of
time (hereinafter to be referred to as a reference ro-
tation), both of which are to be chosen 5 rpm or more
so that the concentration level of antimony in the
pulled antimony-doped silicon single crystal can be 6
x 1018 atoms/cm3 or more, when an antimony-doped
single-crystal silicon rod is pulled from a silicon melt
heavily doped with antimony in a quartz crucible in
an atmospheric inert gas. For instance, the rotation
rate of the quartz crucible is gradually increased with
the progress of the pulling. As an alternative, a pulse-
like change in rotation rate of the quartz crucible is
superimposed over the continuous change in the cru-
cible rotation rate with passage of time. These
changes are realized automatically by programs in
conformity with the pulled length or pulling time of
the single crystal. For example, a pulse-like change
in rotation rate is superimposed over a reference ro-
tation rate. Then, the cycle of the pulse-like change
is continuously shortened in conformity with the
pulled length of the crystal or with passage of time of
the pulling.

Excessive pressures of the atmospheric inert
gas over the upper limit of the set range will bring
about an extraordinary concentration of antimony
contained in the silicon melt, with the result that the
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crystallinity of the single crystal will be in disorder. In
contrast, pressures below the lower limit promote
evaporation of antimony in the melt so that antimony
in the melt is reduced to too short in quantity. As are-
sult, the concentration of antimony in the pulled sin-
gle crystal fails to reach the level of 6 x 1018
atoms/cm3. It is also impossible that the pulled single
crystal has a resistivity low enough for preparing a
single-crystal substrate for epitaxial wafers. Further,
in case pressures of the atmospheric inert gas are
less than the lower limit, the pulled single crystal fails
to top the minimum oxygen concentration of 12 ppma
which is required for causing the intrinsic gettering ef-
fect, even if the rotation rate of the quartz crucible is
controlled by superimposing a pulse-like change in
rotation rate over a reference rotation rate as stated
above.

Areference rotation rate of five rpm of the quartz
crucible is enough for the oxygen concentration level
of the above-mentioned 12 ppma without the addi-
tional superimposition of the pulse-like change in ro-
tation rate. However, the superimpaosition of a pulse-
like change in rotation rate raises the level of oxygen
concentration. Either an increase in reference rota-
tion rate according to the pulled length or a pulse-like
change in rotation rate superimposed over the refer-
ence rotation rate accompanied by the extension of
the interval between the pulses according to the
pulled length enables the axial oxygen concentration
to be uniform with the resultant variation in concen-
tration to be controlled under 10 %.

A pulse-like change in rotation rate of the quartz
crucible superimposed over a reference rotation rate
also promotes the uniform radial oxygen concentra-
tion distribution of the pulled single crystal. The radial
variation amounts to 15 to 30 % in case of the ab-
sence of the pulse-like change in rotation rate of the
quartz crucible, while the superimposition has an ef-
fect of reducing the radial variation down to the range
of 5to 10 %.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph showing the oxygen concentra-
tion of a single-crystal silicon rod obtained from Em-
bodiments 1 to 3 and Comparison Example 1.

Fig. 2 is a graph schematically showing the
change in crucible rotation in Embodiment 4 with re-
spect to time as an abscissa.

Fig. 3 is a graph showing the axial oxygen con-
centration of the single-crystal silicon rod obtained
from Embodiment 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will be described by refer-
ring to the preferred embodiments as follows:
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Embodiment 1

Polycrystalline silicon 35 kg in weight was put
into a quartz crucible 14 inches (35,56 cm) in internal
diameter. A main chamber was evacuated to intro-
duce an inert gas (argon) thereinto. The flow rate of
the gas at this time was 50 liters per minute. The
pressure of the gas was 50 millibars and the rotation
of the quartz crucible was 5 rpm. The polycrystalline
material was melted in the quartz crucible by a hea-
ter. Antimony pellets of 200 g were put into the molten
silicon. A seed crystal was put at the lower point of a
pulling axle, which was lowered to have the seed
crystal become intimate with the silicon melt. Then
the axle was slowly raised to obtain a single-crystal
silicon rod of 6 inches (15,24 cm) in diameter and 60
cm in length. The axial oxygen concentration of the
single-crystal silicon rod was measured, the result of
which is shown in Fig. 1. Fig. 1 shows that the single-
crystal rod thus obtained has an oxygen concentra-
tion of 12 ppma (the standard adopted by JEIDA - Ja-
pan Electronic Industry Development Association)
and more throughout the entire length of the rod. This
means that an oxygen concentration above the re-
quired minimum level was attained.

Embodiment 2

The same operation as Embodiment 1 was car-
ried out except for the pressure inside the main cham-
ber set at 30 millibars to pull a single-crystal silicon
rod of the same size as Embodiment 1. The axial oxy-
gen concentration of this single-crystal silicon rod
was measured, the result of which is shown in Fig. 1.
Fig. 1 shows that the single-crystal silicon rod thus
obtained has an oxygen concentration of 12 ppma
and more throughout the entire length of the rod. This
means that an oxygen concentration above the re-
quired minimum level was attained.

Embodiment 3

The same operation as Embodiment 1 was car-
ried out except for the pressure inside the main cham-
ber set at 15 millibars to pull a single-crystal silicon
rod of the same size as Embodiment 1. The axial oxy-
gen concentration of this single-crystal silicon rod
was measured, the result of which is shown in Fig. 1.
Fig. 1 shows that the single-crystal silicon rod thus
obtained has an oxygen concentration of 12 ppma
and more throughout the entire length of the rod. This
means that an oxygen concentration above the re-
quired minimum level was attained.

Comparison Example 1

The same operation as Embodiment 1 was car-
ried out except for the pressure within the main cham-
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ber set at 8 millibars, and further the rotation of the
quartz crucible set at 4 rpm to pull a single-crystal sil-
icon rod of the same size as Embodiment 1. The axial
oxygen concentration of this single-crystal silicon rod
was measured, the result of which is shown in Fig. 1.
Fig. 1 shows that single-crystal silicon rod thus ob-
tained has an oxygen concentration less than 12
ppma. This means that a required oxygen concentra-
tion could not be attained.

Embodiment 4

The constant reference rate of rotation of the
quartz crucible was 7.0 rpm as shown in Fig. 2. The
range of pulse-like change in rotation rate was main-
tained at 7 rpm (i.e., the higher rate of rotation was
14.0 rpm). The period of time of reference rotation/the
period of time of higher rotation = 1/1. The cycle of
pulse-like change in rotation rate of the quartz cruci-
ble was maintained at 30 sec for the length of the sil-
icon single crystal in the pulling process being 0 to 20
cm, at 30 to 60 sec for the length being 20 to 35 cm,
and at 60 sec for the length being 35 cm and more. A
single-crystal silicon rod of the same size as Embodi-
ment 3 was obtained in the same process as Embodi-
ment 3 except for the rotation rate of the quartz cru-
cible as above. The axial oxygen concentration of this
single-crystal silicon rod was measured, the result of
which is shown in Fig. 3. Fig. 3 shows that the single-
crystal silicon rod thus obtained has an oxygen con-
centration of 12 ppma and more throughout the entire
length of the rod. This means that an oxygen concen-
tration above the required minimum level was at-
tained.

As stated above, according to the present inven-
tion, an effect has been achieved that the evapora-
tion of the silicon oxides and antimony as well as an-
timony oxides is adequately controlled so that the
oxygen concentration of antimony-doped silicon sin-
gle crystal is increased to the required level.

Claims

1. A method for growing silicon single crystal heav-
ily doped with antimony, said silicon single crys-
tal having an oxygen concentration of 12 ppma
and more, comprising setting a pressure of an at-
mospheric inert gas in the range between 10 and
50 millibars (1-5 kPa) and setting a reference ro-
tation rate of a quartz crucible at 5 rpm and more
in pulling said antimony-doped silicon single
crystal having an antimony concentration of 6 x
1018 atoms/cm? and more from an antimony-dop-
ed silicon melt contained in said quartz crucible
in said inert gas according to the Czochralski
process.
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2. The method according to claim (1), wherein said
reference rotation rate of said quartz crucible, a
pulse-like pattern of change in rotation rate su-
perimposed over said reference rotation rate
thereof, and a cycle of said pulse-like pattern of
change are controlled by a program.

3. The method according to claim (1), wherein said
reference rotation rate of said quartz crucible is
increased in accordance with a length of said
pulled silicon single crystal.

4. The method according to claim (2) or (3), wherein
said pulse-like pattern of change in rotation rate
of said quartz crucible with passage of time is cy-
clic, said pattern being superimposed over said
reference rotation rate.

5. The method according to claim (4), wherein a
width of said pulse-like pattern of change in ro-
tation rate of said quartz crucible is increased ac-
cording to the length of said pulled silicon single
crystal.

6. The method according to claim (4), wherein both
retention time of increased rotation rate superim-
posed in said pulse-like pattern over said refer-
ence rotation rate of said quartz crucible and re-
tention time of said reference rotation rate are in-
creased.

Patentanspriiche

1. Verfahren zum Ziichten eines Silizium-Einkri-
stalls, der mit Antimon reich dotiert ist, wobei der
Silizium-Einkristall eine Sauerstoffkonzentration
von 12 ppma und mehr aufweist, bei welchem ein
Druck eines atmosphérischen Inertgases auf ei-
nen Bereich von 10 bis 50 Millibar (1 - 5 kPa) ein-
gestellt wird und eine Bezugsdrehungsrate eines
Quarz-Schmelztiegels bei 5 U/min und mehr ein-
gestellt wird durch ein Ziehen des mit Antimon
dotierten Silizium-Einkristalls mit einer Antimon-
konzentration von 6 x 1018 Atomen/cm3 und mehr
von einer in den Quarz-Schmelztiegel in dem In-
ertgas enthaltenen, mit Antimon dotierten Silizi-
umschmelze in Ubereinstimmung mit dem
Czochralski-Verfahren.

2. Verfahren nach Anspruch 1, bei welchem die
Bezugsdrehungs rate des Quarz-
Schmelztiegels, ein impulsdhnliches Muster ei-
nes Wechsels einer iliber dessen Bezugsdre-
hungsrate iberlagerten Drehungsrate und ein
Zyklus des impulsdhnlichen Musters eines
Wechels durch ein Programm gesteuert werden.
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3. Verfahren nach Anspruch 1, bei welchem die Be-
zugsdrehungsrate des Quarz-Schmelztiegels in
Ubereinstimmung mit einer Lénge des gezoge-
nen Silizium-Einkristalls vergréRert wird.

4. \Verfahren nach Anspruch 2 oder 3, bei welchem
das impulsédhnliche Muster eines Wechsels der
Drehungsrate des Quarz-Schmelztiegels im Ver-
lauf der Zeit zyklisch ist, wobei das Muster iiber
die Bezugsdrehungsrate lberlagert wird.

5. Verfahren nach Anspruch 4, bei welchem eine
Breite des impulsédhnlichen Musters eines Wech-
sels der  Drehungsrate des Quarz-
Schmelztiegels in Ubereinstimmung mit der L&n-
ge des gezogenen Silizium-Einkristalls vergré-
Rert wird.

6. Verfahren nach Anspruch 4, bei welchem sowohl
die Haltezeit der in dem impulsahnlichen Muster
tiber die Bezugsdrehungsrate des Quarz-
Schmelztiegels iiberlagerten vergréfRerten Dre-
hungsrate wie auch die Haltezeit der Bezugsdre-
hungsrate vergrifert werden.

Revendications

1. Procédé pour la croissance de monocristaux de
silicium fortement dopés par I'antimoine, ledit
monocristal de silicium ayant une concentration
en oxygeéne de 12 ppma et plus, comprenantle ré-
glage de la pression d'un gaz atmosphérique
inerte dans la plage de 10 a4 50 millibars (1 2 5
kPa) et le réglage de la vitesse de rotation de ré-
férence d’un creuset en quartz a 5 tr/min et plus,
en étirant ledit monocristal de silicium dopé par
I'antimoine ayant une concentration en antimoi-
ne de 6 x 1018 atomes / cm3 et plus, d’un bain de
silicium en fusion dopé par I'antimoine contenu
dans ledit creuset en quartz sous ledit gaz inerte
selon le procédé Czochralski.

2. Procédé selon la revendication (1), dans lequel
ladite vitesse de rotation de référence dudit creu-
set en quartz, une variation de rotation de type
pulsatoire superposée aladite vitesse de rotation
de référence, et un cycle de ladite variation de ro-
tation de type pulsatoire, sont commandés par un
programme.

3. Procédé selon la revendication (1), dans lequel
ladite vitesse de rotation de référence dudit creu-
set en quartz est augmentée en fonction de la
longueur dudit monocristal de silicium étiré.

4. Procédé selon la revendication (2) ou la revendi-
cation (3), dans lequel ladite variation de rotation
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de type pulsatoire dudit creuset en quartz en
fonction du temps est cyclique, ladite variation
étant superposée 2 ladite vitesse de rotation de
référence.

Procédé selon la revendication (4), dans lequel
I'amplitude de ladite variation de type pulsatoire
de changement de vitesse de rotation dudit creu-
set en quartz est augmentée en fonction de la
longueur dudit monocristal de silicium étiré.

Procédé selon la revendication (4), dans lequel a
la fois, le temps de maintien de la vitesse de ro-
tation accrue superposée dans ladite variation
de type pulsatoire a ladite vitesse de rotation de
référence dudit creuset en quartz, et le temps de
maintien de ladite vitesse de rotation de référen-
ce sont augmentés.
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